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Introduction 31
As population has grown significantly during last century, millions of people who live in developing 32 countries still lack to access to secure electricity grids and the problem becomes worse in hot 33 countries where a large amount of power is needed for air conditioning. In addition, using 34 conventional fossil fuels has a negative impact on the environment issue such as global warming and 35 the climate change which pushed more research towards a real change in the energy policy [1] . 36
Organic Rankine cycle (ORC) used in a range of applications, including industrial waste heat 37 recovery [2], solar thermal [3] , biomass power plants [4] , and geothermal [5] . Table (1) demonstrates 38 a number literature using ORC with a range of working fluids and heat source temperatures. 39 [15] [16], various working pairs [17] [18] through modelling [19] [20] and experimental work [21] . 44
However, ORC systems are capable to utilize a range of low grade heat sources and generate 45 electricity, it shows relatively low efficiency compared to similar low grade heat utilization 46 technologies like adsorption. In addition, air conditioning usually consumes a large amount of 47 cooling and electricity directly and simultaneously to enhance the overall system efficiency and 49 reduce the energy conversion losses. Table ( 2) demonstrate a number of literature that use a range of 50 technologies to generate cooling and power at the same time. 51 Adsorption is an exothermic process and cooling source is needed during this process to 59 sustain the cooling in the evaporator and during this process heat is rejected in the bed that 60 undertaking the adsorption process. Heat recovery is one of the best proposed ways to benefit 61 from the internal thermal energy of the adsorption cooling system itself, and improving the 62 overall system's performance. In this point, researchers have put forward some effective that leaving the adsorption as a heat source for an ORC system and not all the possible 78 scenarios of integrating the adsorption system with ORC to generate cooling and power simultaneously were investigated, so there is still a clear gap of using adsorption cycle as a 80 topping system, while ORC as a bottoming system, where ORC can be totally or partially 81 powered using the heat recovered from the adsorption system which helps to enhance the 82 overall system efficiency.
83
In this paper a two bed cooling adsorption system has been integrated with an ORC using four 84 different scenarios to investigate the feasibility of generating cooling and power simultaneously 85 utilising low grade heat sources. The system comprises of two adsorption beds, two condensers and 86 two evaporators and an expander (turbine) using AQSOA-Z02 (SAPO-34)/water and silica-gel/water 87 as adsorption pairs and R245fa, R365mfc and R141b as ORC working fluids. 88
Integrated ORC-adsorption system 89
Figure (1a) shows a schematic diagram of a basic two-bed adsorption cooling system which consists 90 of desorber, adsorber, condenser and evaporator As the adsorption is an exothermic process a cooling 91 source is used to extract heat from the adsorber and sustain cooling through adsorption process which 92 helps to desorb the refrigerant from the evaporator and generate the cooling effect. Desorption is an 93 endothermic process, and a heat source (low grade heat source) is used to sustain heating during this 94 process which helps to discharge the refrigerant (water vapour) from the hot bed. Then, the hot 95 refrigerant will be cooled in the condenser to feed the evaporator with the refrigerant liquid and keep 96 continuous cooling through the system. Figure (1b) shows the adsorption basic cycle on a P-T 97 diagram; process 1-2 is an adsorbent isosteric heating where a low grade heat source is used and this 98 heating is still continuous during the process 2-3' while the valve 4 is opened, meanwhile a cold 99 source is used during the process 3'-4' and this cooling is still continuous during the process 4'-1 100 while the valve 2 is opened. 101 
105
The basic Organic Rankine cycle (ORC) as shown in Figure ( 2) can be powered by a low grade heat 106 sources such as solar energy or waste heat and it has four main processes. During process 1-2 the 107 refrigerant liquid will be pumped to the evaporator pressure, while through process 2-3 heat is added 108 to the evaporator from an external source (low grade heat source). During simultaneously by modifying the two-bed adsorption system to be integrated with an ORC system and 116 improve the heat utilization efficiency. This study can be carried out using four proposal scenarios as 117 listed below. 118 a) Adsorption Heat Recovery Scenario (AHRS): in this scenario, the two bed adsorption 119 cooling system is powered using an external low grade heat source such as solar energy or 120 geothermal energy to sustain the desorption process in the hot bed. While, during the 121 adsorption process (in the cold bed) adsorption material needs to be cooled using an 122 external cooling source to release the heat of adsorption and sustain the adsorption 123 process and as a result it sustains the cooling effect in the evaporator which is one of the 124 main outputs of the integrated system. In this scenario, the heat of adsorption can be 125 recovered by the cooling source fluid and as the cooling source inlet temperature is 126 relatively high (but still enough to cool the bed under adsorption process), the cooling 127 source leaving the bed can be used to power an Organic Rankine cycle and generate 128 electricity without using additional heat. Figure ( 3) shows the two bed adsorption system 129 integrated with an ORC system to generate cooling and power simultaneously, where the 130 adsorption cooling system is used as topping system and the ORC is used as bottoming 131 system and during this scenario all valves are closed except V6 and V7 as listed in table 132 (3). 133 b) Return Adsorption Heating Fluid Scenario (RAHFS): in this scenario, the cooling system 134 is powered using an external low grade heat source such as solar energy or geothermal 135 energy to sustain desorption process in the hot bed, while a cooling source is used to 136 sustain the adsorption process. The adsorption cooling system is used as topping system 137 and ORC is used as bottoming system and in this case ORC system is powered using the 138 same low grade heat source line leaving the hot bed in the adsorption cooling system 139 (topping system), so additional heat can consumed by the ORC system and more 140 electricity is expected to be generated using this scenario and this is due to using 141 bed adsorption system integrated with an ORC system to generate cooling and power 143 simultaneously, where the ORC (bottoming system) is powered using the hot line (water 144 or pressurized water depends on the heat source temperature) leaving the adsorption 145 system (topping system) and during this scenario all valves are closed except V5 and V8 146 as shown in table (3) . 147 c) Heat Exchanger Scenario (HES): in this scenario, the adsorption cooling system is 148 powered by an external low grade heat source to drive the hot bed during desorption 149 process, while a cooling source is used in the cold bed. This scenario is similar to AHRS, 150 where again the cooling source line recovers the heat of adsorption from the cold bed 151 during adsorption process. This recovered heat can be partially used to power an Organic 152
Rankine cycle and generate electricity, where additional heat from the external heat 153 source is added in this scenario (by using additional heat exchanger) to enhance the 154 efficiency of the ORC system. Figure (3) shows that the hot line (water or pressurized 155 water) and the cold line leaving the adsorption system enter a heat exchanger to add 156 additional amount of heat from the hot line to the leaving cold line, so this heat (the 157 recovered heat and the additional heat) is used to power the ORC system and in this 158 scenario, all valves are open except V8 as shown in table (3) . 159 d) Return ORC Heating Fluid Scenario (RORCHFS): in this scenario, the ORC system is 160 used as the topping system while the adsorption cooling system is used as the bottoming 161 system and an external low grade heat source is used to power the ORC system. The 162 heating fluid leaving the ORC system is used directly to power the two bed adsorption 163 system and as results, the integrated system (of adsorption system and ORC system) can 164 generate cooling and power at the same time. Figure (4) shows the integration of ORC 165 and adsorption cooling system using this scenario. 166 
Adsorbent materials properties 176
In this study AQSOA-Z02 (SAPO-34) is used and compared to silica-gel and this material is 177 considered to be an advanced (synthetic zeolite) with a unique adsorbent performance that has been 178 developed by MITSUBISHI PLASTIC Company using inorganic material design technology. Figure  179 (5a) shows scanning electron microscope SEM image of AQSOA-Z02 which has solid regular cubic 180 or brick shape with a uniform particle and it has smaller particle size compared to silica-gel. 
203
The constants of equations (4) 
Integrated system energy balance 212
The lumped model technique is used to describe the energy balance equations in the two adsorbent 213 beds used in this study, where the adsorbent, the refrigerant and the bed materials are assumed to be at 214 
) 216
Flag equals to 0 at switching time and equals to 1 at adsorption/desorption process. The first term 217 on the left side of the equation (7) shows the internal energy change in heat exchanger material, 218 including the fins and the tubes, while the second term represents the change in internal energy of the 219 refrigerant (water). The first term on the right side of equation (7) represents the heat 220 generated/rejected during the adsorption/desorption process respectively. The last term describes heat 221 added/rejected to the coolant during the adsorption/desorption process and the bed outlet temperature 222 is given by: [48] [50] 223
The energy balance equations for the condenser can be expressed by [ The power generated by the ORC turbine can be calculated as: 250
The ORC cycle thermal efficiency can be calculated as: 252
The power consumed in pump can be calculated as: 254
The overall performance of the integrated system is evaluated using the specific cooling power (SCP), 256 specific generated power (SP), the cooling coefficient of performance (COP) and overall system 257 efficiency as expressed in equations (20) (21) (22) (23) . 258
System modelling

263
MATLAB Simulink software is used to simulate the integration a two bed adsorption system 264 with an ORC system to study the feasibility of generating cooling and electricity 265 simultaneously. The main components of the adsorption system such as beds, condenser and 266 evaporator in addition to the ORC system are presented in a flow chart as shown in figure (7) 267 to highlight the main steps used to solve the system equations (1-23). neglected, because they are expected to be thermally insulated. 
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